Previous studies have demonstrated that nitric oxide (NO) synthase inhibitors are as efficacious as tricyclic antidepressants in preclinical antidepressant screening procedures and in attenuating behavioural deficits associated with animal models of depression. The N-methyl-D-aspartate receptor (NMDA-R) complex gates Ca 2 þ , which interacts with calmodulin to subsequently activate NO synthase. We hypothesised that uncoupling neuronal nitric oxide synthase (nNOS) from the NMDA-R through the scaffolding protein postsynaptic density protein 95 (PSD-95) would produce behavioural antidepressant effects similar to NO synthase inhibitors. Small-molecule inhibitors of the PSD-95/nNOS interaction, IC87201 (0.01-2 mg/kg) and ZL006 (10 mg/kg) were tested for antidepressant properties in tests of antidepressant activity namely the tail suspension and forced swim tests in mice. We now report that IC87201 and ZL006 produce antidepressant-like responses in the forced swimming test (FST) and tail suspension test (TST) following a single administration in mice. By contrast to the tricyclic antidepressant imipramine (25 mg/kg), the effects are not observed 1 h following drug administration but are apparent 24 and 72 h later. Furthermore prior exposure to the TST or FST is required in order to observe the antidepressantrelated activity. Similar delayed and sustained antidepressant-like effects were observed following TRIM (50 mg/kg) and ketamine (30 mg/kg) in the TST. The antidepressant-like effects of ZL006 also generalise to IC87201 in the TST. IC87201 was devoid of effects on locomotor activity and step-through latency in the passive avoidance cognition test. These data support the hypothesis that targeting the PSD-95/nNOS interaction downstream of NMDA-R produces antidepressant effects and may represent a novel class of therapeutics for major depressive disorders.
INTRODUCTION
Consistent with a role for glutamate in major depressive illness, anti-glutamatergic agents have demonstrated antidepressant efficacy both clinically and in several animal models of antidepressant action (Sanacora et al, 2012; Skolnick et al, 2009) . Most notable are the clinical studies that have reported a rapid improvement in depressive symptoms in treatment resistant depressed patients after intravenous administration of ketamine, a non-competitive N-methyl-D-aspartic acid receptor (NMDA-R) antagonist (reviewed by Murrough, 2012) . Although beneficial effects have been observed for up to 7 days, the use of ketamine in the clinic is hampered due to the risk for adverse effects, including psychosis and psychomotor stimulation.
The NMDA-R is an ionotropic-glutamate receptor subtype that activates nitric oxide synthase (NOS) and production of nitric oxide (NO) . NO synthases comprise neuronal (nNOS), endothelial (eNOS), inducible (iNOS) and mitochondrial (mtNOS) isoforms where nNOS is colocalised and functionally coupled to the NMDA-R (for review, see Guix et al, 2005) . As NMDA-R antagonists possess antidepressant properties, targets downstream of the receptor, such as nNOS may represent targets for antidepressant activity. In this regard, L-arginine-derived inhibitors of NOS, produce antidepressant activity in the forced swimming test (FST), a preclinical behavioural screening procedure sensitive to antidepressant activity (Gigliucci et al, 2010; Harkin et al, 2003; Harkin et al, 1999; Dhir and Kulkarni, 2011; Wegener and Volke, 2010) . Genetic deletion of nNOS or treatment with NOS inhibitors (7-nitroindazole (7-NI) or 1-(2-trifluoro-methyl-phenyl) imidazole (TRIM)) prevents chronic mild stressor (CMS)-induced depression-related behavioural and cellular changes in mice, further confirming the antidepressant potential of NOS inhibition Zhou et al, 2007) .
Despite these promising leads, efforts in synthesising highly selective nNOS inhibitors have been difficult to bring to fruition. The selective targeting of nNOS, but not eNOS, would avoid eNOS-mediated changes in arterial blood pressure and circumvent adverse cardiovascular effects. In this regard, the two aforementioned inhibitors 7-NI and TRIM, which show preferential inhibition of nNOS have been reported to possess antidepressant-like properties in preclinical tests (Dhir and Kulkarni, 2011; Zhou et al, 2007) . Despite the additional selectivity of these two drugs for nNOS (Alderton et al, 2001; Moore and Handy, 1997) , selectivity is not exclusive. NOS inhibitors that are more selective for the neuronal isoform are not devoid of adverse effects and may decrease locomotion and/or motor coordination (Dzoljic et al, 1997; Harkin et al, 2003; Mutlu et al, 2011; Ulak et al, 2010; Volke et al, 2003) . Moreover 7-NI seems to have a less favourable side-effect profile than TRIM in several paradigms that investigated learning and memory (Holscher et al, 1996; Mutlu et al, 2011; Yildiz Akar et al, 2009; Yildiz Akar et al, 2007; Zou et al, 1998) .
The postsynaptic density protein 95 kDa (PSD-95) is a scaffolding protein that links nNOS to NMDA-R. Disruption of the PSD-95/nNOS interaction has been achieved with both peptide fragments and small-molecule inhibitors (for review see Doucet et al, 2012) . As other functions of the NMDA receptor remain intact, this selective approach may be adopted to further test for a novel glutamatergic NObased treatment for depression. Two compounds that disrupt the PSD-95/nNOS interaction have been identified. 2-((1H-benzo [d] [1,2,3] triazol-5-ylamino) methyl)-4,6-dichlorophenol (IC87201) disrupts the PSD-95/nNOS interaction with an IC 50 of 31 mM. In mice, this drug was an effective anti-nociceptive after intraperitoneal (i.p.) injection, with an EC 50 of 0.1 mg/kg. In rats, IC87201 abolished mechanical allodynia when administered intrathecally (at 50 and 100 nmol doses) or i.p. (2 mg/kg) (Florio et al, 2009 ). 4-(3,5-Dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006) is a molecule structurally related to IC87201, which inhibits NMDA-R-dependent NO synthesis in cortical neurons with an IC 50 of 82 nM and crosses the blood brain barrier after systemic administration (Zhou et al, 2010) . In vivo, ZL006 produced a reduction in infarct size and attenuated neurological deficits in a middle cerebral artery occlusion model of stroke (Zhou et al, 2010) . Both IC87201 and ZL006 have attractive properties to investigate the PSD-95/nNOS interface as a drug target for the treatment of depression.
As NMDA receptors couple to nNOS via the postsynaptic protein PSD-95, inhibition of PSD-95/nNOS may elicit an antidepressant response with a better side-effect profile (Doucet et al, 2012) . To further explore this hypothesis, the present investigation assessed compounds targeting the PSD-95/nNOS interface, IC87201 and ZL006 for antidepressant effects in the mouse tail suspension test (TST) and FST. The reference tricyclic antidepressant imipramine, ketamine and TRIM were also included for comparative purposes.
MATERIALS AND METHODS

Animals
Male CD-1 mice aged 6-8 weeks old (Charles River, Margate, UK or Harlan, Bicester, UK) were housed five per cage, kept on a 12 h/12 h light/dark cycle (lights on from 0800 to 2000 hours) and were given access to food and water ad libitum. Mice were habituated to animal facilities for 2 weeks before behavioural testing. All testing was conducted between 1000 and 1700 hours. All animal procedures conformed to the European Council Directive 1986 (86/609/ EEC) and were approved by the Bioresources Ethics Committee of the University of Dublin, Trinity College.
Drugs
All drugs were injected i.p. in an injection volume of 10 ml/kg. Concentrations were as follows: ketamine 30 mg/kg (Vetalar; Pfizer, Dublin, Ireland), imipramine 25 mg/kg (SigmaAldrich, Arklow, Ireland), 1-[2-(trifluoromethyl)phenyl] imidazole (TRIM) 50 mg/kg (Alfa Aesar, Heysham, UK) and 4-(3,5-Dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006) 10 mg/kg (Topchem Pharmaceuticals, Sligo, Ireland) 
0.01-2 mg/kg (Topchem Pharmaceuticals, Sligo, Ireland) was prepared in 5% DMSO. Saline or 5% DMSO were used as vehicle control where appropriate. All drugs were prepared freshly on the day of testing and were administered before test as indicated.
TST
The TST was performed as originally described (Steru et al, 1985) . Mice were suspended by their tail from a metal rod using adhesive tape attached B0.5-1 cm from the base of their tail. The rod was fixed 35 cm from the surface of a table. Mice were considered immobile only when they hung passively and completely motionless. The total duration of immobility during a 6 min test was calculated. A decrease in immobility time in this test indicated an antidepressant-like response.
FST
The FST was performed as previously described (Porsolt et al, 1977) . Mice were placed for 6 min in a 2l Pyrex glass beaker filled with 12 cm of water at 23 ± 1 1C. Immobility was scored during the last 4 min (with single exposure) or for the full duration of a 6 min trial (with re-exposure) and was defined as the absence of active, escape-oriented behaviours such as swimming, jumping or rearing. The water in the chamber was changed between animals. The FST is sensitive to conventional antidepressant treatment (Porsolt et al, 1977) as well as to non-monoaminergic antidepressants (Autry et al, 2011; Maeng et al, 2008) . A decrease in immobility time indicated an antidepressantlike response.
Locomotor Activity
Mice were placed into activity monitor cages (32 cm Â 20 cm Â 18 cm; length Â width Â height) and locomotor activity was recorded for 60 min by infrared beams linked to computer acquisition software (AM1051 data logger; Benwick Electronics, UK) under dim light conditions. Each activity monitor was equipped with a set of horizontal infrared beams, positioned 3 cm above the base of the cage to record the activity. The set of beams consisted of a 12 Â 7 beam matrix, forming a grid of 66 Â 2.54 cm 2 cells within the cage (Gigliucci et al, 2010) . Activity was recorded as the number of times a beam changed from unbroken to broken.
Passive Avoidance Test
Mice were tested on a step-through inhibitory avoidance apparatus (UgoBasile, Comerio, Italy), in which two compartments similar in size (40 cm Â 20 cm Â 22 cm; length Â width Â height) were divided by a partition with a guillotine door. The protocol was adapted from previous studies (Maeng et al, 2008; Mutlu et al, 2011) . Briefly, in the training trial, the mouse was placed in the white 'start' compartment (10 W light) and the guillotine door was opened 60 s later. After the mouse crossed over into the dark chamber, the latency was recorded, the door was closed and a mild foot shock (0.5 mA, 3 s) was delivered. The mouse remained in the shock compartment for an additional 30 s to associate spatial cues with the treatment and was then returned to its home cage. For retention trials, mice were placed in the light compartment 24 h and 72 h post-training. Each mouse was placed in the 'start' compartment, as in the training trial and the door was opened after a 30 s acclimatisation period. The latency to enter the dark compartment (previously associated with the foot shock) was measured as an index of inhibitory avoidance. Cutoff latency was 5 min. In the retention test session, the foot shock was omitted. The arena was cleaned with water and 70% alcohol between trials in order to remove olfactory cues.
Data Analysis
Data are expressed as group mean with SEM and were analysed using unpaired Student's t-tests or analyses of variance (ANOVA). If any statistically significant change was found following one or two factor ANOVA, post-hoc comparisons were performed using a Dunnett's or StudentNewman-Keuls test, respectively. Data were deemed significant when, Po0.05.
Experimental Design
Experiment 1. Dose-related effects of IC87201 in the TST. Mice received IC87201 (0.01, 0.1 and 1 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) and were exposed to the TST 60 min later and re-tested 24 h following drug administration. For comparison, the effects of imipramine (25 mg/kg, i.p.) were determined compared with vehicle-treated (saline) controls under identical conditions. An independent group of mice received IC87201 (1 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) and were exposed to the TST once 24 h following drug administration. The selection of doses was determined from a published report indicating that IC87201 was effective in treating NMDA-induced thermal hyperalgesia in mice with an EC 50 of 0.1 mg/kg, i.p. (Florio et al, 2009 ).
Experiment 2. Effects of IC87201 on locomotor activity. Mice were habituated to the monitor cages for 60 min and subsequently received IC87201 (0.01, 0.1 and 1 mg/kg, i.p.) or vehicle (5% DMSO, i.p.). Locomotor activity was subsequently recorded for 60 min.
Experiment 3. Sustained effects of IC87201 in the TST. Mice were exposed to the TST and were subsequently administered IC87201 (1 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) . Animals were re-tested in the TST 24 h and 72 h later. For comparison, the effects of imipramine (25 mg/kg, i.p.), ketamine (30 mg/kg, i.p.) and TRIM (50 mg/kg, i.p.) were determined compared with vehicletreated (saline) controls under identical conditions. These doses were selected on the basis that they have been previously reported to reduce immobility time in the TST and FST in mice (Harkin et al, 2004; Hayase et al, 2006; Koike et al, 2011; Volke et al, 2003) .
Experiment 4. Effects of ZL006 in the TST. Mice were exposed to the TST and subsequently treated with a single i.p. injection of ZL006 (10 mg/kg, i.p.) or vehicle (saline). Animals were subsequently re-exposed to the TST 24 h and 72 h later and immobility time was recorded. In a locomotor activity test, separate groups of mice were habituated to the monitor cages for 60 min and received ZL006 (10 mg/kg, i.p.) or vehicle (saline). Locomotor activity was subsequently recorded for 60 min. The dose of ZL006 was selected on the basis of a previous report indicating that ZL006 (1.5-3 mg/kg, i.v.) was effective in reducing infarct size and improving neurological outcome following ischaemic injury in mice and rats without overt effects on cerebral blood flow or learning and memory (Zhou et al, 2010) .
Experiment 5. Dose-related effects of IC87201 in the FST and in the passive avoidance test. Mice received IC87201 (0.01, 0.1, 1 and 2 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) and were exposed to the FST 60 min later and re-tested 24 h following drug administration. In an independent study, mice were exposed to a first session of the FST and subsequently treated with IC87201 (2 mg/kg, i.p.) or vehicle (5% DMSO, i.p.). Animals were re-tested 24 h later. Locomotor activity was determined as previously described where mice were habituated to the monitor cages for 60 min, subsequently treated with IC87201 (2 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) and locomotor activity recorded for 60 min. For the passive avoidance test, mice received two i.p. injections of IC87201 (2 mg/kg): the first one was administered 60 min before the training session of the passive avoidance test and the second one immediately after training. Retention latencies were measured 24 h and 72 h after the training session. The dose of IC87201 was selected from a previous report indicating an attenuation of mechanical allodynia in rats subjected to chronic constriction injury (Florio et al, 2009) .
RESULTS
Experiment 1. Dose Response of IC87201 in the TST
IC87201 did not reduce immobility time in the TST 1 h following drug administration. IC87201, however, dose dependently reduced immobility time when mice were retested 24 h later (Figure 1a ). ANOVA showed a significant effect of IC87201 treatment (F 3,28 ¼ 3.48, P ¼ 0.029). Posthoc comparisons revealed that IC87201 (1 mg/kg) significantly reduced immobility time when compared with vehicle-treated controls. In contrast, imipramine reduced immobility time in the TST 1 h following drug administration (Student's t-test; t ¼ 3.73, P ¼ 0.0017). Imipramine however failed to reduce immobility time when mice were re-tested 24 h later (Figure 1b) . IC87201 (1 mg/kg) administered to mice exposed to a single TST session 24 h following drug administration failed to influence immobility time (Figure 1c ).
Experiment 2. IC87201 does not Impair Locomotor Activity
ANOVA of activity scores showed an effect of time (F 5,140 ¼ 27.83, Po0.001) but there was no effect of IC87201 or interaction between IC87201 and time ( Figure 2a ). When expressing sum totals of activity over the course of 60 min ANOVA of the total scores did not show effects of the test compound (Figure 2b ).
Experiment 3. IC87201, Ketamine and TRIM Produce Sustained Antidepressant-like Effects in the TST
ANOVA of immobility time showed an effect of IC87201 (F 1,36 ¼ 5.81, P ¼ 0.027) and a time Â IC87201 interaction (F 2,36 ¼ 3.72, P ¼ 0.034). Post-hoc analysis revealed an increase in immobility time in control group upon reexposure to the test compared with the initial trial. IC87201 treatment prevented this increase in immobility time at 24 and 72 h when compared with vehicle-treated controls (Figure 3a) .
ANOVA of immobility times following imipramine treatment showed an effect of time (F 2,68 ¼ 9.93, Po0.001) but failed to demonstrate effects of imipramine or an imipramine Â time interaction. Post-hoc analysis revealed an increase in immobility time in control group upon reexposure to the test compared with the initial trial (Figure 3b) .
ANOVA of immobility times following ketamine treatment showed an effect of time (F 2,68 ¼ 12.14, Po0.001) and ketamine (F 1,68 ¼ 4.34, P ¼ 0.045). Post-hoc analysis revealed an increase in immobility time in control group upon reexposure to the test compared with the initial trial. Ketamine treatment prevented this increase when animals were re-exposed to the test 24 and 72 h following drug administration when compared with vehicle-treated controls (Figure 3c) .
ANOVA of immobility times following TRIM administration showed an effect of time (F 2,72 ¼ 7.68, Po0.001) and a TRIM Â time interaction (F 2,72 ¼ 4.87, P ¼ 0.0103). Post-hoc analysis revealed an increase in immobility time in control group upon re-exposure to the test compared with the initial trial. Treatment with TRIM prevented this increase when animals were re-exposed to the test 24 and 72 h following drug administration when compared with vehicletreated controls (Figure 3d ).
Experiment 4. ZL006 Produces Sustained Antidepressant-like Effects in the TST
ANOVA of immobility times showed an effect of time (F 2,36 ¼ 5.53, P ¼ 0.0081) and a ZL006 Â time interaction (F 2,36 ¼ 11.08, Po0.001). Post-hoc comparisons revealed an increase in immobility time in control group upon reexposure to the test compared with the initial trial. Treatment with ZL006 prevented this increase at 24 and 72 h following drug administration when compared with vehicle-treated controls (Figure 4a) .
ANOVA of activity scores over 10 min intervals following ZL006 administration showed an effect of time (F 5, 90 ¼ 20.20, Po0 .001) but no IC87201 or IC87201 Â time interaction (Figure 4b ). There was no difference in sum totals of activity counts over the course of the 60 min test period between IC87201 and vehicle-treated mice (Figure 4c ). Figure 5b ). ANOVA of locomotor activity scores determined over 10 min intervals showed an effect of time (F 5,70 ¼ 6.53, Po0.001) but there was no IC87201 and no IC87201 Â time interaction. There was no difference in sum totals of activity counts over the course of the 60 min test period between IC87201 and vehicle-treated mice ( Figure 5c ). ANOVA of latencies in the step-through passive avoidance trials showed an effect of time (F 2,20 ¼ 57.40, Po0.001) but there was no IC87201 or IC87201 Â time interaction. In both control and IC87201-treated mice, posthoc comparisons revealed that step-through latencies were significantly increased during the retention trials at 24 h and 72 h when compared with latencies during the training session (Figure 5d ).
DISCUSSION
The results of the present investigation demonstrate that small-molecule inhibitors of the PSD-95/nNOS interface, IC87201 and ZL006, possess antidepressant-like behavioural properties by reducing immobility time in the TST at doses that are without effect on locomotor activity. IC87201, unlike imipramine, failed to influence immobility time in the TST 1 h following drug administration. Instead, a doserelated antidepressant response was obtained 24 h later upon re-exposure to the TST. This behavioural profile is in contrast to that obtained following the administration of various classes of antidepressants, which have more immediate activity in the TST (for reviews, see Cryan et al, 2005b; Petit-Demouliere et al, 2005). Prior exposure to the TST was deemed necessary to expose the antidepressant-related activity of IC87201 as a single exposure to the test 24 h following drug administration did not influence the immobility time.
To further characterise the antidepressant-related effects of IC87201, the TST was adapted where a first exposure before drug administration was used to establish a baseline immobility score, followed by drug administration and subsequent re-testing 24 and 72 h later. Vehicle-treated control mice display an increase in immobility on reexposure suggestive of a learned behavioural despair, which becomes apparent upon repeated exposures. Indeed the rat equivalent of the FST routinely adopts a 2 day exposure and re-exposure schedule to enhance the level of immobility observed in order to assess the antidepressant properties of test compounds (Porsolt et al, 1978) . In this regard, the TST is being increasingly used in animal models of depression where increased immobility times are reported as characteristic of depression-related behaviour in response to provocative stimuli or genetically determined vulnerability. IC87201 prevents the increase in immobility obtained in the TST 24 and 72 h following drug administration. The related compound ZL006 was tested in a similar fashion and was also found to prevent the increase in immobility time associated with re-exposure to the TST 24 and 72 h following drug administration providing additional support for the hypothesis that inhibitors of the PSD-95/nNOS interface possess antidepressant-related properties. By contrast, imipramine failed to demonstrate sustained effects at the time points under investigation. Such a sustained action following a single dose represents a departure from the more traditional acute response obtained with conventional antidepressants.
NOS inhibitors have been reported to reduce immobility time acutely in the TST and FST in mice (da Silva et al, 2000; Ghasemi et al, 2008; Harkin et al, 2004; Harkin et al, 1999; Rosa et al, 2003; Volke et al, 2003) . However, to our knowledge, there are no reports on delayed or sustained effects of NOS inhibitors in these paradigms following a single dose. Sustained antidepressant effects have been reported following ketamine administration in the TST and FST in mice although reports to date are equivocal (Autry et al, 2011; Bechtholt-Gompf et al, 2011; Koike et al, 2011; Maeng et al, 2008; Popik et al, 2008) . Such a profile is consistent with other reports where acute administration with ketamine rapidly ameliorates anhedonic and anxiogenic behaviours in rats exposed to chronic unpredictable stress (Garcia et al, 2009; Li et al, 2011) and depressionrelated behaviour in a nerve injury model of neuropathic pain (Wang et al, 2011) . It was therefore of interest to determine if compounds, which modulate the NMDA-R/ PSD-95/nNOS signalling pathway produce sustained actions similar to those obtained with IC87201. Both ketamine and TRIM reduced immobility times in the TST 24 and 72 h following a single dose administered after a pre-test exposure. Taken together, results indicate that compounds acting on the NMDA-R/PSD-95/nNOS pathway produce sustained antidepressant-like effects in the TST following a single dose. Importantly, IC87201 treatment did not alter retention of fear memory acquired in the passive avoidance test 24 and 72 h following drug administration indicating that memory impairment does not contribute to the antidepressant-related activity of IC87201. These results are consistent with previous studies demonstrating that ZL006, TRIM and subanaesthetic doses of ketamine do not cause memory impairment in a variety of hippocampal-and amygdala-dependent tasks performed in mice (Maeng et al, 2008; Mutlu et al, 2011; Zhou et al, 2010) .
The fact that IC87201 effects developed at 24 h but not acutely in the TST is not likely to be due to pharmacokinetic characteristics of the compound. Specifically, IC87201 peak plasma levels were previously reported to occur 15 min following i.p. administration of 1 or 2 mg/kg in mice and rats, respectively, and behavioural effects were delayed by 45 min, an interval thought to reflect the time needed for distribution of IC87201 to its site of action (Florio et al, 2009) . Alternatively, IC87201 may produce its effects by a process of neurobiological adaptation. The pattern of response obtained with IC87201 in the TST is reminiscent of observations in a murine model of hyperalgesia where IC87201 produced a dose-dependent inhibition of NMDAinduced thermal hyperalgesia having no effect in nonhypersensitized (absence of prior NMDA challenge) mice (Florio et al, 2009 ). As NMDA-R-related NO production represents an important mechanism underlying the development and maintenance of neuropathic pain and IC87201 is effective following NMDA-induced hyperalgesia similar mechanisms may account for antidepressant-like activity where prior exposure to the TST may promote a NMDA-Rrelated sensitization, which is blocked by IC87201. In this regard, changes in neural plasticity have been proposed to account for the rapid and sustained antidepressant-related actions of ketamine. Exposure to stress has been reported to induce neural atrophy associated with a reduced density of dendritic spines and a decrease in the number and length of dendritic branches in the brain regions implicated in depression (Duman et al, 2012) . Treatment with a single dose of ketamine increased the number and function of mature spines in the prefrontal cortex of rats 24 h following drug administration and reversed the reduction in spine density caused by chronic unpredictable stress (Li et al, 2011) . Such studies have raised the possibility that increased synaptogenesis may be a relevant feature of sustained antidepressant activity of compounds modulating the NMDA-R. Further work will be required to determine if similar changes are associated with inhibitors of the PSD-95/nNOS interface.
Considering that the FST is one of the most commonly used animal models of antidepressant action (Cryan and Holmes, 2005a; Cryan and Mombereau, 2004; PetitDemouliere et al, 2005) , we then verified if the antidepressant-like effects of IC87201 generalised to the FST. In agreement with TST studies, IC87201 did not acutely reduce immobility time in the FST and this was not due to impairment in locomotion. In fact, the results of locomotor testing indicate that IC87201 does not alter ambulatory behaviour at any of the four doses tested. In contrast to our previous observations in the TST, IC87201 did not reduce immobility time in the FST upon re-exposure at 24 h, even at a dose of 2 mg/kg. This may be explained by the fact that some antidepressants differ in the pattern of their doseresponse curves between the TST and FST procedures (Bai et al, 2001; Cryan et al, 2005b; Li et al, 2001) and that the TST can be more sensitive in detecting the effects of some classes of antidepressants than the FST (eg, SSRIs) (Cryan et al, 2005b) .
For these reasons, a modified FST protocol based on the TST-modified paradigm was applied and the dose of IC87201 delivered was increased to 2 mg/kg in order to examine the effects of IC87201 in the FST. As seen previously with the TST-modified paradigm, a first exposure to the FST (baseline 'stress') led to an increase in immobility time 24 h later when control animals were retested. This increase was evident when scoring was applied to the whole duration of a 6 min test, indicating that the first 2 min of the FST are as important as the typically scored final 4 min of the test upon re-exposure. IC87201 (2 mg/kg) attenuated the increase in immobility time observed 24 h following drug administration. These results further demonstrate the antidepressant efficacy of IC87201 in a related test of antidepressant action.
Given the antidepressant-related activity of the test compounds in the FST and TST, further tests should be carried out in other animal behaviour analogues of depressive behaviour along with some anxiety-relevant paradigms. Preliminary data shows that IC87201 (2 mg/kg, i.p.) administered concurrently with exposure to CMS prevents a deterioration in coat state of the animals (data not shown). In an independent study, mice received IC87201 (2 mg/kg) immediately after a first exposure to the TST (baseline) and immobility time was recorded 24 h later (n ¼ 10 per group). (c) Locomotor activity was examined in 10 min intervals or total activity for a duration of 60 min following IC87201 (2 mg/kg) (n ¼ 8 per group). Data are expressed as mean ± SEM. þ þ Po0.01 vs control baseline, **Po0.01 vs 24 h control (Student-Newman-Keuls). (d) Male CD-1 mice received two doses of IC87201 (2 mg/kg): the first one was administered 60 min before the training session of the passive avoidance task and the second dose was administered immediately after the training session. Mice were tested in retention trials 24 and 72 h following training. Data are expressed as mean ± SEM (n ¼ 6 per group).
þ þ Po0.01 vs training (Student-Newman-Keuls).
Such a deterioration may be taken as an index of the animals inability to maintain their fur in good condition when exposed to stress and is indicative of a depressionrelated state . We have been encouraged by this data to investigate the effect of IC87201 on CMSinduced reductions in sucrose/saccharin preference indicative of anhedonia. Further experiments are underway to determine an optimal dosing schedule (single vs repeated administration schedules, pre-treatment, concurrent and treatment postCMS-induced anhedonia) in line with experiments described previously (Harkin et al, 2002) . The effects of IC87201 (2 mg/kg, i.p.) were further assessed in the light dark box and elevated plus maze for potential anxiolytic properties 1 h and 24 h following drug administration, respectively. IC87201 did not provoke anxiety-related behaviour or produce an anxiolytic effect in either test. IC87201 did not influence the latency to cross into the dark compartment, time spent in the lit compartment or number of transitions between compartments in the light dark box. In the elevated plus maze IC87201 had no effect on the percentage of time spent in or the percentage of entries into the open arms (data not shown). The lack of anxiolytic activity implies that the compound produces a selective antidepressant-related action in keeping with the antidepressant actions of ketamine, which to date has not been reported to produce anxiolytic activity either in experimental animals or in the clinic. Reports to date have provided evidence that IC87201 had no effects on binding to a panel of 34 targets that include receptors, transporters and ion channels (Florio et al, 2009) and that the structurally related compound ZL006 did not disrupt the interaction between CAPON/nNOS, synGAP/ nNOS and NR2B/PSD-95, which are all PDZ-related interactions (Zhou et al, 2010) . The serotonin transporter SERT interacts with nNOS via a PDZ motif/PDZ domain interaction, an interaction that may well be of relevance to depression and antidepressant action. More specifically, the PDZ motif (-NAV) at the C-terminus of SERT interacts with the PDZ domain of nNOS (Chanrion et al, 2007) . In contrast, the internal PDZ motif of nNOS (-ETTF-) interacts with the PDZ domain of PSD-95 (Christopherson et al, 1999; Tochio et al, 2000) . SERT and PSD-95 therefore interact with two distinct domains of nNOS. In addition, while SERT is distributed pre-synaptically, PSD-95 is localised at the postsynaptic density. It therefore seems unlikely that the PSD-95/nNOS inhibitor IC87201 will disrupt the SERT/nNOS interaction (for a review, see Doucet et al, 2012) .
The potential for regio-selectivity actions of the test compounds targeting the PSD-95/nNOS interface is an interesting prospect. The presumed mode of action of these compounds would be a somewhat region-selective disruption of the NMDA-R/PSD-95/nNOS complex in the hippocampus, while eg, NO signalling in the basal ganglia, cerebellum and amygdala should remain unchanged. Our approach to assessing this potential is to develop lentiviral tools constructed to deliver genetic material for region specific and sustained expression of a 'nNOS decoy' peptide designed to interrupt interaction between nNOS and PSD-95 (see Doucet et al, 2012) . Data generated in the laboratory thus far indicate that delivery of the decoy to the prefrontal cortex fails to produce antidepressant-related activity (forced swim test-related mobility) in rats. Further work is required to assess the impact of nNOS decoy delivery to the hippocampus, cerebellum or basal ganglia where nNOS is expressed and to assess if NO signalling in the basal ganglia, cerebellum and amygdala remains unchanged following local or systemic administration of the test compounds.
In summary, IC87201 and ZL006 both display antidepressant-like activity in the TST and FST. While most antidepressants display acute but not sustained effects, these compounds are novel in their mode of action with delayed and sustained antidepressant activity following a single dose that may promote adaptive changes in neural plasticity. Ketamine and TRIM, two compounds acting on the NMDA-R/PSD-95/nNOS pathway demonstrated similar effects in an adapted TST established to test for delayed and sustained antidepressant effects. As putative test compounds for further development, IC87201 and ZL006 present advantages over ketamine and TRIM as they are designed to uncouple NMDA-R from nNOS in a targeted fashion not possible with either receptor antagonists or non-selective NOS inhibitors. Such an approach holds promise as a strategy to harness the antidepressant potential of ketamine without incurring adverse effects typically associated with NMDA-R antagonism. Further work is required on the molecular and cellular effects of uncoupling nNOS from the NMDA-R in vivo to understand the underlying mechanisms of action and facilitate the development of the PSD-95/nNOS interface as a therapeutic target for the design of next generation antidepressant drugs.
